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The ANITA collaboration recently reported the detection of two anomalous upward-propagating
extensive air showers exiting the Earth with relatively large emergence angles and energies in the
range O(0.5−1) EeV. We interpret these two events as coming from the decay of a massive dark-
matter candidate (mDM & 109 GeV) decaying into a pair of right-handed neutrinos. While propa-
gating through the Earth, these extremely boosted decay products convert eventually to τ -leptons
which lose energy during their propagation and produce showers in the atmosphere detectable by
ANITA at emergence angles larger than what Standard-Model neutrinos could ever produce. We
performed Monte Carlo simulations to estimate the propagation and energy loss effects and derived
differential effective areas and number of events for the ANITA and the IceCube detectors. Inter-
estingly, the expected number of events for IceCube is of the very same order of magnitude than
the number of events observed by ANITA but at larger emergence angles, and energies . 0.1 EeV.
Such features match perfectly with the presence of the two upward-going events IceCube-140109
and IceCube-121205 that have been exhibited from a recent re-analysis of IceCube data samples.
INTRODUCTION
Despite very indirect but clear astrophysical and cos-
mological evidences of the presence of dark matter in
our Universe, its nature is still unknown [1]. Not only
the recent direct detection limits obtained by the collab-
orations LUX [2], XENON1T [3] and PANDAX [4] ex-
clude the simplest electroweak extensions of the Standard
Model like Higgs portal [5, 6], Z-portal [7] or Z ′−portal
[8]1but even question the WIMP paradigm. Recently,
refined cosmological analysis on the reheating mecha-
nism [10] combined with the freeze-in mechanism [11, 12]
showed that EeV dark-matter particles can be produced
from the thermal bath at very early stages of the reheat-
ing epoch. From GUT constructions to high-scale super-
gravity, several motivated models enter in this category
(see [13, 14] for some examples). Such massive candi-
dates are clearly out of the sensitivity reach of the next
generation of direct or indirect detection instruments or
at the LHC. Therefore the only clear signatures would be
through its decay products if the dark matter is unstable.
On the other side, ANITA collaboration confirmed re-
cently the observation of 2 upgoing events, corresponding
to energies at the EeV scale [15, 16]. A Standard-Model
(SM) explanation of these events, considering a SM neu-
trino of energy ∼ 109 GeV crossing the Earth is quite
inconceivable since the rock and ice are opaque to the
propagation of SM neutrinos at these energies due to the
1 see [9] for a recent review on the subject
strength of weak interactions. As a matter of fact, at
such energies, the transmission probability p of a SM
neutrino through the Earth, on chord length of order
5000-7000 km (corresponding to the arrival directions of
these events) is of order p ' O(10−8 − 10−6).
Different attempts to explain these EeV events ap-
peared recently. The authors of [18] (and later on [19])
for instance proposed that sterile neutrinos ν4 originated
by Ultra High Energy (UHE) cosmic rays could propa-
gate inside the earth on a long distance, producing a τ
cascade through charge current interactions with nucle-
ons near the eerth surface. Similarly, in [20] the author
proposed the production of keV right-handed neutrino
generated also by UHE cosmic ray to fit the ANITA ex-
cesses. In Ref. [21] it was shown that EeV neutrinos could
up-scatter on the CνB into some highly boosted parti-
cle which could be long-lived enough to reach the Earth
and produce events on Earth measurable by ANITA. Al-
ternatively, [22] proposed a decaying superheavy EeV
right-handed neutrino trapped in the earth and decay-
ing into active neutrino near the surface and a more ex-
otic sphaleron or leptoquark interpretations were given
in [23, 24] respectively. Some supersymmetric interpre-
tations can be found in the interesting work of [25] where
long-lived right handed staus τ˜R produced via UHE cos-
mic rays reach the earth and propagate before decaying
into a gravitino and a τ . Another supersymmetric frame-
work has been proposed in [26] where EeV active neutri-
nos produce resonantly in the rock long-lived binos (plus
sleptons) which in turn decay into a neutrinos near the
surface through Rp-violating couplings. The only dark
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2matter explanation of the ANITA anomalous events was
suggested in [22], originating from an atypical dark mat-
ter density distribution in the Earth. However, a quanti-
tative analysis of the expected number of events was not
explored. The aim of our work is to provide a detailed
quantitative analysis of these EeV anomalous events as
potential signatures of decaying dark matter particles,
present in the galactic halo, into sterile neutrinos mutat-
ing into active ones through their passages in the earth.
The paper is organized as follows. After a summary
of the ANITA anomalous events in section I, we intro-
duce our model in section II and compute the galactic
production of right-handed neutrino from dark matter
decay. We discuss the relevant cosmological constraints
in section III before developing the Monte Carlo analysis
used to simulate the observed ANITA events in section
IV. We then analyze the anomalous events and discuss
the detection complementarity with IceCube in section
V and VI before concluding.
I. THE SIGNAL
The Antarctic Impulsive Transient Antenna (ANITA)
is a balloon experiment operating around the south pole,
aiming to detect ultra-high energy (UHE) neutrinos by
searching for radio pulses produced during their propa-
gation through the Antartic ice. The collaboration has
been launching three different flights, for a total du-
ration of ∼ 85.5 days (see Tab. I) during which they
could collect more than & 30 events [15, 16, 27]. Al-
though most of these events featured a phase reversal
characteristic of Extensive Air Showers (EAS) reflecting
off the Antartic ice from downward-propagating cosmic
rays, the collaboration reported two anomalous ∼ 0.6
EeV upward-moving events in ANITA I [15] and ANITA
III [16] flights which do not feature this phase reversal
and can therefore be considered as produced by origi-
nally upward-propagating cosmic rays2. More interest-
ingly, these two events could not be associated with any
astrophysical point source such as SNe neutrino bursts.
Therefore such events are likely to originate from some
unknown cosmic-ray neutrino flux. The fourth flight of
ANITA has been already realized, and partial analysis
of the datas have been published concerning the in-ice
Askaryan emission [17] but hasn’t reported any results
concerning upward-going events yet.
Last but not least, such events have been shown to
reach the detector with angles of −27.4 ± 0.3◦ and
−35.0 ± 0.3◦ under the horizontal3, corresponding to
2 ANITA II was not configured to be sensitive to such events.
3 corresponding to 117◦ and 125◦ zenith angles, and 25.4◦ and
Flight ANITA I ANITA II ANITA III ANITA IV
Duration 35 days 28.5 days 22 days 29 days
Events #398526 - #1571714 TBA
Energy 0.6± 0.4EeV - 0.56+0.3−0.2EeV TBA
θem 25.4± 1◦ - 35.5± 1◦ TBA
TABLE I. Duration of the three flights realized by ANITA for
a total of 85.5 operating days.
showers which escaped the surface of the Earth with
emergence angles 25.4◦ and 35.5◦ with a ∼ 1◦ uncer-
tainty [28]. Such large zenith angles, corresponding to
a passage through the earth of more than 5000 kms of
rocks are very challenging in the framework of Standard
Model interactions. Indeed, the probability p to observe
an EeV τ emerging through multiple ντ−τ regenerations
is p . 10−6 [16]. To have an idea, the ντ flux necessary to
observe 2 events emerging below ANITA is 12 millions of
ντ per km
2sr−1year−1 which is more than 1 million times
above the current limit given by Icecube. The authors of
[25] concluded that a Standard Model interpretation of
the up-going ANITA events is excluded at the 5σ level.
II. GALACTIC PRODUCTION OF RIGHT
HANDED NEUTRINOS
Decaying Dark Matter hypothesis
The minimal and simplest extension one can imagine
involving a dark-matter scalar field φ of mass mDM and
a right-handed neutrino νR, both assumed to be SM sin-
glets, can be written4
L = LSM + Lν + yφ√
2
φν¯cRνR −
1
2
m2DMφ
2 , (1)
with
Lν = −1
2
mRν¯
c
RνR − yνL¯LH˜νR + h.c. , (2)
where yν is a Yukawa coupling, LL denotes a SM lep-
tonic SU(2)L doublet
5 and H˜ is the conjugate SU(2)L
Higgs doublet H˜ ≡ iσ2H∗. We introduced explicitely
a Majorana mass mR for the right-handed neutrino, al-
lowed by gauge invariance and a Yukawa coupling yφ.
As allowed by gauge invariance, renormalizable operators
such as |H|2φ2 or φn with n = 1, 3, 4 should be consid-
ered. However, the detailed study of the scalar potential
35.5◦ emergence angles, respectively.
4 We give the example of a real scalar dark matter, but considering
a complex scalar would not affect our results.
5 We consider only terms involving one generation of leptons for
simplicity.
3is beyond the scope of the phenomenological purposes of
this paper and would depend on the underlying extended
symmetry of a more complete setup. For simplicity, in
the following we will just assume that the dark matter
field does not acquire a vacuum expectation value. A sim-
ilar construction was proposed to interpret high energies
events observed by Icecube [29]. It is important to notice
that even if it seems natural in high-scale versions of the
see-saw mechanisms (like SO(10) inspired models for in-
stance) to expect mR in the range 10
6− 1010 GeV, there
are no real experimental nor theoretical constraints on
the right-handed neutrino mass which can be as light as
mR ' 1 eV [30], implying a sufficiently long-lived right-
handed neutrino to cross galactic scales before reaching
the earth. After diagonalization, the physical states ν1
and ν2 of masses m1 < m2 are defined as [29]
ν1 ' νL + νcL − θR(νR + νcR) ,
ν2 ' νR + νcR + θR(νL + νcL) ,
at leading order in θR ' sin θR ' yνv/mR, v being
the Higgs vacuum expectation value and ν1 is the Stan-
dard Model neutrino. The mixing angle θR being exper-
imentally constraints by Planck data to lie in the range
θR . 10−2 for mR & 1 eV [31], ν2 is almost exclusively
composed of its right-handed component. From now on
we will then denote the physical right-handed neutrino
state NR ≡ ν2 and the Standard Model neutrino ν ≡ ν1.
For simplicity we will consider in our analysis mixing
with the τ -neutrino, generalization to three families be-
ing straightforward6. Moreover, independently on the
specific underlying particle physics model, noticing that
the most important contribution to the dark-matter de-
cay width is the channel ΓDM ' Γφ→NRNR , one expects
the decay channels φ → NRν and φ → νν, to be sup-
pressed respectively by factor of θ2R and θ
4
R rendering the
condition on the lifetime of the dark matter compatible
with indirect constraints from other neutrino observa-
tions.
The right-handed neutrino induced flux
The right-handed neutrino flux produced by dark-
matter decay reaches the earth surface with a given di-
rection in the International Celestial Reference System
(ICRS) parametrized by the declination (θDE) and the
6 In general, mixings with νe and νµ are also possible. However,
such a detailed analysis lies beyond the simplest setup required
to explain the ANITA events and is beyond the scope of this
work.
right-ascension (φRA) angles given by
F(θDE, φRA) = 2
4piτDMmDM
∫
los
ρDM [r(l, θDE, φRA)] d` ,
(3)
where τDM = Γ
−1
DM is the dark-matter lifetime and ρDM(r)
is the dark-matter density distribution of the Milky Way,
whose radial coordinate is denoted by r(`, θDE, φRA)
7. l
is a coordinate that runs along the line of sight (los). For
our purpose, we parametrize the dark-matter distribu-
tion in the Milky Way by a Navarro-Frenk-White (NFW)
profile [32] :
ρDM(r) ∝ 1(
r
rs
)[
1 +
(
r
rs
)2] , (4)
with rs = 24 kpc and the distribution is normalized such
that the dark-matter density in the vicinity of the solar
system is ρ = 0.3 GeV cm−3 [33] . Dealing with events
generated in directions opposite to the galactic center, we
checked that the dependence on the profile is completely
negligible in our analysis. Since the ANITA experiment
is located at the south pole on the Earth rotation axis
which is a time-invariant in the ICRS, the coordinate
φRA of any fixed direction in the galaxy varies from 0
to 2pi in 24 hours while the θDE coordinate remains un-
changed. Therefore to deal with a galactic flux, it is more
convenient to define a quantity integrated over φRA
8 :
Φ(θDE) =
∫
F(θDE, φRA) dφRA . (5)
The evolution of this integrated flux with the declination
is shown in Fig. 1 where 〈Φ〉 is the mean flux, averaged
over θDE that can be estimated as
〈Φ〉 ' 1.6× 10−11 cm−2 s−1
(
1023 s
τDM
)(
10 EeV
mDM
)
. (6)
For illustration, we plotted the expected right-handed
neutrino flux on earth as a function of the declination
angle9 below the horizontal. θDE, for a 10 EeV dark-
matter candidate with a lifetime τDM = 10
23 seconds.
Notice that the expected flux is almost isotropic after
7 The coordinates of the Galactic Center (GC) are rGC '
8.33 kpc, θGCDE ' −28.92◦, φGCRA ' 17.86◦ at J2000, see Fig.(4)
8 Our approach is valid on average here as the ANITA observation
time 85.5 days is much larger than 24 hours.
9 In such notations, the horizontal plane for ANITA corresponds to
the plane defined by θDE = 0. Note that, due to the elevation of
ANITA above the Earth of about 35 km, the horizontal (θDE =
0) does not correspond to the Earth horizon as seen by ANITA,
corresponding to a declination angle of θDE ≈ 6◦
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FIG. 1. Expected flux of right-handed neutrino on earth,
as function of the declination angle θDE for a 10 EeV dark-
matter candidate with a lifetime τDM = 10
23 seconds and a
NFW halo profile. The mean flux 〈Φ〉, averaged over θDE,
is represented in dashed purple. The orange part dubbed
”ANITA” corresponds to the region for which events coming
from the earth are observable by ANITA.
averaging over φRA, which makes the particular angles
favoured by the anomalous ANITA events unlikely to be
related to the inhomogeneous dark-matter distribution of
the Milky Way10. It is surprising to observe that a flux
of the order of 〈Φ〉 ' 1.6 × 10−11 cm−2s−1 corresponds
roughly to 2 events in 100 days of observations on a 1 m2
surface, which is the order of magnitude of the number of
events observed by ANITA during its 85.5 days of flights.
Right-handed neutrino propagation in the Galaxy
The mixing between right-handed neutrino νR and the
active neutrino νL renders NR unstable and allows it to
decay into Standard Model lighter states. In order for NR
to propagate through the galaxy and reach the Earth, it is
necessary for its decay length to be sufficiently large, typ-
ically larger than the size of the dark-matter halo of the
Milky Way ∼ 50 kpc. As shown further, such constraints
restricts the mass mR . 1 GeV. For such masses, the
NR decays dominantly into three neutrinos with a decay
width
10 The consideration of a different galactic DM profile is not ex-
pected to have a significant impact on our results, whereas a
different normalization of ρ would correspond an overall rescal-
ing of the flux.
ΓNR→3ν =
G2Fm
5
R
32pi3
θ2R ,
' 10−22
(
θR
10−2
)2 ( mR
0.1 GeV
)5
GeV , (7)
and into NR → pi0ν, ρν, νe+e− [34]. In the Earth frame,
the decay length λ of a boosted right-handed neutrino
with energy ENR = mDM/2 produced by the decay of a
dark-matter particle at rest is therefore
λ ' cγ
ΓNR→3ν
' 40 kpc
(
10−2
θR
)2(
22 MeV
mR
)6 ( mDM
20 EeV
)
,
(8)
where we introduced the boost factor γ = ENR/mR. Re-
quiring the right-handed neutrino to be able to propagate
over 50 kpc gives the following condition
mR . 20 MeV
(
10−2
θR
)1/3 ( mDM
20 EeV
)1/6
. (9)
A quick look at equations (7) and (9) helps to understand
some tensions that can appear once we want to interpret
the ANITA events with a dark-matter source. Indeed,
to generate an event observable by ANITA, NR should
convert while crossing the earth into a Standard Model
neutrino ν. For that reason, a reasonable mixing angle
θR is needed. On the other hand, a too large mixing
angle shorten the lifetime of the right-handed neutrino
dangerously, reducing drastically its flux on earth. One
then needs a relatively light NR to compensate the effect
of θR on its lifetime which restricts the possible mass
range to be mR < 200 MeV for reasonable values of the
mixing angle θR & 10−5 and mDM & EeV, conditions
which are required to explain the observed ANITA events
as we will describe later.
III. CONSTRAINTS
The introduction of light species with sizable couplings
to SM particles could have dramatic consequences on
the cosmological history of the Universe. Indeed, the
presence of a Right-Handed Neutrino (RHN) population
might cause a substantial increase of the value of the ef-
fective number of relativistic species Neff, resulting in the
acceleration of the universe expansion, affecting the pre-
dictions of light element abundances from the Big Bang
Nucleosynthesis (BBN), the Baryon Acoustic Oscillation
(BAO) scale or the present value of the Hubble constant
H0 [35, 36]. In order to be safe from cosmological con-
straints, we require the RHN to decay before BBN by
imposing the conservative condition τNR . 0.1 seconds.
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FIG. 2. Constraints on the RHN mixing angle for mDM =
5 × 104 EeV, imposing a galactic propagation length of at
least 50 kpc (in blue), a lifetime shorter respecting BBN con-
straints (10). Constraints from CHARM [39], DELPHI [40]
and IceCube [41] are represented in purple, green and gray as
well as predictions for the NA62 experiments [42] represented
in red.
From Eq. (7), this corresponds to the bound
τNR . 0.1 seconds ⇒
(
θR
10−2
)2 ( mR
0.1 GeV
)5
& 0.07 ,
(10)
implying mR & 60 MeV for θR = 0.01.
Another possiblity to be safe from cosmological con-
straints is to consider a less abundant RHN population
with a lifetime larger than the age of the universe, which
can be achieved for mR . 10 keV and θR & 10−5. How-
ever, a RHN with a mass mR ∼ keV would behave as a
cold/warm dark-matter component and would be in con-
flict with cosmological observations [36, 37]. Therefore,
the only region left for reasonable value of θR & 10−5
corresponds to the conservative bound mR . 50 eV11.
In this case, the lifetime of the right-handed neutrino is
sufficiently large to ensure that it propagates through the
Milky Way halo and reaches the earth. Details regarding
the two scenarios (mR & 50 MeV and mR . 50 eV) are
discussed in the next sections.
The mR & 50 MeV window
In this part of the parameter space, satisfying simulta-
neously the conditions (9) and (10) implies the following
condition on the dark-matter mass mDM & 104 EeV,
11 For θR ∼ 10−4 − 10−5, a RHN with mass mR ∈ [50, 100] keV
might be cosmologically viable but would require a dedicated
analysis, which is beyond the scope of this paper.
which is required to generate a sizable boost factor for
the produced right-handed neutrino to travel throughout
the galaxy before decaying, whilst evading strong bounds
from BBN. In Fig. 2 we represented these constraints for
a 50 ZeV dark matter, together with bounds on θR from
the CHARM [39] and DELPHI [40] collaborations, as
well as double-cascade searches at IceCube [41] and pre-
dictions for the NA62 experiments [42], which are less
constraining than the requirement λ > 50 kpc. Fig. 2
shows that constraints on the parameter space suggest
a restrained window for the right-handed neutrino mass
mR ∈ [0.02, 0.2] GeV while the mixing angle can take
any arbitrary value θ2R > 10
−7. Interestingly, the allowed
part of the parameter space points towards a region al-
lowing for a successful low-scale leptogenesis in models
involving extra heavy neutral states [38]. Such a large
dark-matter mass mDM & 104 EeV (and right-handed
neutrino energy) could at first sight look far too much for
explaining the anomalous events seen by ANITA, but we
will see that it actually can perfectly interpret the signal,
due to the energy loss that the right-handed neutrino and
its decay products undergo while propagating across the
Earth crust. For completeness, and as a comparison of
our simulation results with previous studies, we will also
probe the parameter space at energies mDM ∼ 10 EeV
and see how the effect of the mixing angle affects the
propagation through the Earth in what follows.
The mR . 50 eV window
While the mixing angle θR for such light NR is rather
unconstrained from experiments12, as discussed further
on, the precise value of the mixing angle does not play
a significant role on our analysis. The stronger con-
straint on the mixing angle is derived by the Super-
Kamiokande experiment which excludes mixing angles
sin2 θR > 0.18 [43]. Nevertheless, such light species
could have a possible impact on cosmological observ-
ables [44, 45] through an extra contribution to the ef-
fective number of relativistic species ∆Neff or via its
energy density at the present time whose effect can be
accounted for by considering an extra effective neutrino
mass meffν = ∆Neff mR
13. Such effects are expected to al-
ter the ΛCDM-expected CMB spectrum by affecting the
matter-radiation equality redshift, resulting in an overall
shift of the peaks to higher multipoles. Constraints from
the analysis performed in [36], from early results of the
Planck CMB measurements, WMAP9 and BAO is repre-
12 As we assumed a mixing mostly with the τ -neutrino
13 Cosmological constraints are expected to depend on the specific
RHN production process, in our case we assume a production via
the Dodelson-Widrow mechanism, as expected if no extra state
is introduced [37].
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FIG. 3. Constraints on the RHN mixing angle and masses
from cosmological observations, assuming a Dodelson-Widrow
production, and Super-Kamiokande bounds represented in
brown [43]. Constraints from a CMB analysis based on Planck
measurements performed in [31] is represented in purple and
dubbed ”Planck 2015”. Predicted values of ∆Neff from [31]
are represented in dashed blue lines. The green region dubbed
”Planck 2013 + BAO” correspond to the constraints de-
rived in the analysis [36] including early results from Planck,
WMAP9 and BAO constraints.
sented in Fig. 3 which shows as well constraints derived
in light of the latest Planck results [31, 46].
One would typically expect extra particles, free-
streaming in the universe, to suppress the matter power
spectrum on small physical scales and therefore to be con-
strained by the Lyman-α forest measurements. However,
the typically small right-handed neutrino energy density
generated by the Dodelson-Widrow mechanism [37] in
the allowed parameter of Fig. 3 is not sufficient to alter
the matter power spectrum in the sensitivity reach of the
current Lyman-α measurements [45, 47].
The existence of light species has recently presented
some interests in the cosmology community as a pos-
sible solution to a set of discrepancies between several
cosmological observations. Indeed, it was shown that a
non-negligible value of ∆Neff ∼ 0.2 − 0.5 could alleviate
the ∼ 4σ tensions [48] between local measurement of the
local Hubble constant H0 [49, 50] and the value inferred
from CMB observations [51]. Such tensions have been
addressed by introducing extra light degrees of freedom
or in extended cosmology framework [52] but interest-
ingly the prediction of a non-negligible value of ∆Neff
appears naturally in some part of our parameter space
as represented in Fig. 3.
Moreover, the long-standing discrepancy between large
scale structure surveys and the CMB determination of
the amplitude of matter density fluctuations in spheres
with radius of 8h−1 Mpc [53] as well as a ∼ 2.5σ ten-
sion between the BOSS DR11 BAO measurements from
Lyman-α with the ΛCDM predictions from Planck [54]
have been adressed in [55]. It was shown that the best fit
model for alleviating simultaneously such tensions points
towards a sum of neutrino masses of ∼ 0.4 eV which
could be effectively achieved within our model.
Another source of interest for eV scale right-handed
neutrino concerns recent measurements of neutrino
experiments. In particular, the 2 − 4σ discrepancy
from the so-called short baseline (SBL) neutrino ex-
periments for which a global fit analysis suggests the
existence of a sterile neutrino of mass close to the eV
scale [56]. Recently, IceCube capacities of searching for
right-handed neutrino mixing through matter-effects
induced mixing to τ -neutrinos have been investigated
in [57] for mR > 10 eV and it was shown that a
non-zero mixing is mildly preferred to the non-mixing
case and compatible with mR ∼ 1 eV and a mixing
angle θR ' 10−1 as considered in the ANITA anomalous
events interpretation presented in [18]. However, such a
large mixing is in conflict with cosmological observations
based on a Dodelson-Widrow production mechanism and
would require the presence of supplementary degrees of
freedom and a more exotic cosmological history, which is
beyond the scope of the minimalist approach considered
in this work.
IV. SIMULATING ANITA EVENTS
In order to predict the number of events per emergence
angle that a dark-matter decay would have produced in
the ANITA detector, one needs to properly describe how
an EeV right-handed neutrino could propagate through
the Earth crust, scatter into a τ or τ -neutrino, and pro-
duce an Extensive Air Shower (EAS) event in the atmo-
sphere, which could be detected by ANITA ∼ 36 kilome-
ters above the Earth surface. Such number of events can
be calculated using the formula
dN
dθem
=
∫
dEexit
∫
d2Aeff
dEexitdθem
(Eexit, θem | ENR , θDE, φRA) × F(θDE, φRA) × Texp × sin θDE dθDE dφRA (11)
where F(θDE, φRA) is the flux of incoming right-handed neutrinos given in Eq. (3) and the exposure time Texp =
785.5 days is the total operating time of the three ANITA
flights as calculated from Tab. I. θem is the angle of the
emerging τ , formed between the direction of propaga-
tion and the tangential plane to the Earth at the point
where the τ exits the Earth. The effective area Aeff de-
notes the elementary area of the detector for an incom-
ing right-handed neutrino direction (θDE, φRA) – taken
in the ICRS coordinates system – which exits the Earth
crust in the form of the τ -lepton of energy Eexit. Follow-
ing Ref. [28] one can obtain this effective area for every
direction of incoming right-handed neutrinos by integrat-
ing over the Earth surface the probability that a neutrino
entering the Earth can (i) propagate through the Earth
and produce a τ -lepton, (ii) the τ escapes the ice without
losing too much energy and (iii) the τ decays in the at-
mosphere at a relatively low altitude and (iv) the shower
produced by the decay can be detected by ANITA:
d2Aeff
dEexitdθem
(Eexit, θem | ENR , θDE, φRA) = R2E
∫
dΩE ~nNR · ~nE ×
∫
dEexit
dPexit
dEexit
(Eexit, θem | ENR , θDE, φRA, θE, φE)
×
∫
dPdecay
dl
(l | Eexit)× Pdet(θsh|l, θDE, φRA, θE, φE) dl , (12)
where ~nNR and ~nE are unitary vectors, exiting the Earth
surface from the right-handed neutrino incidence point,
~nNR is in the direction (θDE, φRA) and ~nE is normal to
the Earth surface in the direction (θE, φE). The elemen-
tary solid angle corresponding to these angles is denoted
by dΩE . In this expression, the factor dPexit/dEexit en-
capsulates the probability that an incoming RH neutrino
of energy ENR propagates through the Earth and con-
verts (after one, or more interactions) into a τ lepton
which manages to escape the Earth after losing a signif-
icant amount of Energy during its propagation through
the crust. The factor dPdecay/dl denotes the probability,
once the τ exits the Earth, and that it decays after travel-
ling along a distance l (See Fig. 4). The probability Pdet
finally encodes the capacity for a given shower to produce
a sufficient electric field in a direction which would reach
the payload and therefore be detected by ANITA.
Exit Probability
In order to compute the exit probability dPexit/dEexit,
we made use of a modified version of the publicly avail-
able code provided with Ref. [58] that we adapted to
the case of a right-handed neutrino entering the Earth
and converting into a τ -neutrino or τ -lepton through the
usual neutral current (NC) or charged current (CC) in-
teractions up to a factor sin2 θR
14. The code simulates
the probability of transmission through the Earth using
a Monte-Carlo approach and assuming an ice layer of
thickness at the surface of the Earth. We included in the
simulation the possible regeneration of the τ into a ντ
14 In this analysis, for simplicity, we have not considered matter-
induced enhancement/suppresion factors of the mixing angle due
to the propagation of NR through the Earth
θDE
dΩE
θem
θsh
N
S
ANITA
 hANITA
Ice
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NR
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FIG. 4. Illustration of the ANITA experiment and useful notations
for our simulation understanding.
once it decays inside the Earth. However one should note
that the regeneration effect starts being negligible when
the mixing angle θR is small enough, since the Earth be-
comes relatively transparent at large emergence angles as
compared to the SM case. Therefore the more transpar-
ent the Earth is, the less the regeneration of τ -neutrinos
plays a significant role in the propagation.
In Fig. 5 we present the results obtained for the exit
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FIG. 5. (left panel) Pr babilities for an incoming RH neutrino of energy ENR = 10 EeV t convert into a τ and exit the Eart with
an energy > 100 TeV. (right panel) Mean density crossed by the neutrino during proparation through the Earth as a function of the
emergence angle.
probability dPexit/dEexit for a RH neutrino of energy
ENR = 10 EeV as a function of the emergence angle θem
and for various mixing angles θR. One can see that the
suppression of the probability Pexit at large emergence
angles θem is less and less efficient as compared to small
emergence angles while the mixing angle θR decreases,
since the Earth core becomes transparent enough to let
high-energy neutrinos propagate. Inversely, the trans-
mission probability at low emergence angles decreases
while the mixing angle decreases, since the low-density
layers become too much transparent for the RH neutrino
to interact enough in order to produce a lepton before es-
caping the Earth surface. On the right panel of Fig. 5 we
indicate the mean density crossed by the RH neutrino on
its way through the Earth as a function of the emergence
angle. The ankle present at 2◦ in the probability distri-
bution in the SM case and for large mixing angles was
already pointed out in Ref. [58] and corresponds to the
angle at which the neutrinos start crossing the first rock
layer as opposed to neutrinos arriving with low emer-
gence angles θem . 2◦ which only propagate through the
ice. For lower mixing angles θR . 0.5 one can notice
another suppression around θem ∼ 60◦ corresponding to
a second significant increase of the mean density along
the propagation chord as can be seen in the right panel
of Fig. 5.
Energy Loss during the τ propagation
As it was already shown in Ref. [28], the deeper the
τ -lepton gets produced in the Earth crust, the lower its
exit energy Eexit is. Therefore, the energy of the events
detected by the ANITA experiment can be significantly
lower than the energy of the incoming right-handed neu-
trino produced by dark-matter annihilation. In other
words the dark-matter mass could in principle be much
larger than the EeV scale while still generating EAS at
an energy range detectable by ANITA. In Fig. 6 we plot
the differential τ -exit probability d2Pexit(Eexit, θem) after
a right-handed neutrino of energy ENR = 10 EeV crosses
the Earth, corresponding in our Monte-Carlo simulation
to the fraction of events escaping the Earth with energy
E ∈ [Eexit − ∆Eexit2 , Eexit + ∆Eexit2 ] where ∆Eexit ∝ Eexit
is the step of discretization we chose for scanning over the
exit energies. We show the results for the case of a mixing
angle θR = 0.01. As a result, a very few τ ’s of energies
& 5 EeV manage to escape the crust as compared to lep-
tons whose energies is in the range 0.5 − 1 EeV which
is the region of interest for what concerns the events de-
tected by ANITA. One can moreover notice in Fig. 6
that below . 0.1 EeV the probability of exit starts going
down again, which confirms that most of the events that
ANITA should observe are expected to be in the range
0.1− 1 EeV for an incoming neutrino of 10 EeV.
Tau Decay in the Atmosphere
Once a τ -lepton exits the Earth, its decay probability
depends on its energy Eexit and varies with the distance
on which it has already been propagating without decay-
ing
dPdecay
dl
(l | Eexit) = 1
L(Eexit)
exp
(
− l
L(Eexit)
)
, (13)
where the decay length of the τ in the lab frame is given
by L(Eexit) ∼ 49km × (Eexit/EeV). The energy depen-
dency of the decay length is of crucial importance, since
the larger the exit energy is, the more the the exiting τ
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the exit energy of a τ -lepton produced by an incoming RH neutrino
of energy ENR = 10 EeV
is long lived, and the more unlikely it will decay before
escaping the atmosphere. As we will see, although the
anomalous events observed by ANITA can be interpreted
as the decay of a DM particle of mass & 1 EeV, such ef-
fect will allow us to also interpret the anomalous events
of ANITA as produced by NR of a much larger energies
than the EeV scale.
Detection Probability
Once a τ exits the Earth in a certain direction and
decays into an EAS in the atmosphere, the probability
that the shower reaches the payload and that the local
electric field as measured by ANITA is sufficient for the
experimental device to trigger is given by the probabil-
ity Pdet(θsh|l, θDE, φRA, θE, φE). In Ref. [28], a detailed
analysis of such probability is presented and led to the
conclusion that (i) showers which are produced at alti-
tudes larger than 5−6 km see their peak electric field de-
crease since the EAS cannot fully develop in the absence
of atmosphere. (ii) The electric-field peak value is spread
over an opening angle of about 1◦ − 2◦. (iii) The lower
is the energy of the τ the lower is the electric field mea-
sured by ANITA, rendering a triggering of the detector
less unlikely for low energetic decaying τ . (iv) Similarly
the further away from the detector the shower production
is, the more the electric field gets diluted while propagat-
ing through the air, and the more unlikely a detection by
ANITA is. For simplicity, and since Ref. [28] does not
provide any analytic estimation of such effect for arbi-
trary emergence angles, distances of emission from the
detector and arbitrary altitude of the decay, we made in
what follows the assumption that the showers which are
produced at an altitude lower than 15km and for which
the location of the ANITA detector is contained in a cone
of opening angle θsh with respect to the shower axis of
less than 1.5◦ (see Fig. 4 for details) are detected with a
probability equal to one. A full EAS shower simulation
would be necessary to avoid such simplifying assumption
but is beyond the scope of this paper.
Effective Area of the Detector
Given the exit probability dPexit/dEexit that we com-
puted earlier in this section, one can obtain the differen-
tial effective area of the ANITA detector, as calculated
from Eq. (12). Our results are presented in the left panel
of Fig. 7 in which we show the quantity d〈AeffΩ〉/dθem for
a given angle θem where the effective area is integrated
over the arrival directions (θDE, φRA) and over all exit
energies Eexit for a mixing angle θR = 0.01. Interest-
ingly enough, when decreasing the mixing angle to small
enough values, as illustrated in Fig. 5, the exit probabil-
ity scales as θ2R without changing the shape of the distri-
bution, therefore this impacts directly the effective area
which follows the same θ2R dependency. A comparison
with the IceCube effective area is also shown in Fig. 7
and will be discuss in the following section.
V. INTERPRETATION OF THE ANOMALOUS
EVENTS
In the previous section we focused our attention on
the precise calculation of the ANITA detector effective
area, and described how we could obtain a directional
probability of detecting an incoming RHN arriving in
the direction (θDE, φRA) and escaping the Earth with an
emergence angle θem and an energy Eexit.
Given a certain dark-matter mass and a certain dark-
matter lifetime, we can use this information to predict
the number of events that should have been detected by
ANITA for a given energy and emergence angle during
its exposure time of 85.5 days. In the right panel of Fig. 7
we show the total number of events per emergence angle
predicted for ANITA, integrated over all the exit ener-
gies for a benchmark point (mDM = 20 EeV, θR=0.01).
Knowing the probability of τ -exit for specific values of
the exit energy, we can compute separately the transmis-
sion probability for different exit energies and infer the
energy range that ANITA is the more sensitive to, given
a certain point in the parameter space of our dark-matter
model. We present in Fig. 8 our results for various values
of the exit energy Eexit and the same benchmark points
than in Fig. 7 where the number of events predicted for
ANITA are depicted by coloured solid lines. Interest-
ingly, and as we already pointed out when discussing the
exit probability, one should note that the largest number
of events that we predict for ANITA should lie in the
energy range O(0.5−1) EeV and escape the Earth with
an emergence angle of order O(5◦−30◦). Indeed, one
can easily see that events of energies Eexit & 5 EeV and
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θR = 0.01. (Right) Number of events per emergence angle expected for IceCube and ANITA after 3142.5 days and 85.5 days of exposure,
respectively, and a dark-matter lifetime of 1023 s.
Eexit . 0.1 EeV are less likely to be detected as compared
to ∼ EeV scale events. This results from the balance of
three different effects: (i) The deep inelastic scattering
of neutrinos on nuclei scales with a positive power of
the energy. Ultra-high energy neutrinos therefore scat-
ter considerably more than low energy neutrino on Earth
producing a larger number of τ -neutrinos deeper under
the Earth surface. (ii) The decay length of the taus pro-
duced by such scattering scales like the energy due to
the boost factor Eτ/mτ . Therefore, once produced in the
Earth at high energy, such a τ will propagate and lose en-
ergy rather than promptly decay. (iii) Finally the few τ ’s
that might exit the Earth with a high energy are harder
for ANITA to detect since they would not decay within
the atmosphere, and would not lead to the production of
an EAS. Such ranges of energies and emergence angles
are in relatively good agreement with the features of the
two anomalous events observed by ANITA. Furthermore,
as far as the total number of events is concerned, for a
dark-matter mass of 20 EeV (corresponding to incoming
RHN of 10 EeV), a dark-matter lifetime of τDM = 10
23s
and a mixing angle θR = 0.01, integrating the solid curve
in the right panel of Fig. 7 provides a total number of
events of
Ntot ' 3.03 events , (14)
for an exposure of 85.5 days. As a matter of fact, after
scanning over the RHN incoming energies ENR > 1 EeV,
we have derived an interpolation of the expected number
of events as function of the parameters of the model in
the limit where the mixing angle is relatively small15:
NANITAtot ' 3.03
(
θR
0.01
)2(
1023s
τDM
)(
Texp
85.5 days
)(
20 EeV
mDM
)0.67
[ θR . 0.025 ; mDM > 2 EeV ] . (15)
Interestingly, asking for a minimum dark-matter lifetime
of the order of the age of the Universe (τDM > 10
17 s),
we obtain a minimum value on θR for ANITA to observe
O(1) events : θR & 10−5. In section III we explored
the viable parameter space in the plane (mR, θR), com-
patible with the existence of a RHN having the required
15 Note that for larger values of the mixing angle, the large number
of interactions along propagation in the Earth renders the scaling
of the number of events with the mixing angle non trivial.
properties for our setup to work. It is important to stress
that regarding the interpretation on the ANITA anoma-
lous events, the RHN mass is not a relevant parameter
in our setup, it is expected to be much smaller than its
typical kinetic energy mDM/2  mR and behaves as a
highly-relativistic particle when it penetrates the Earth.
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incoming right-handed neutrino energy ENR = 10 EeV, a mixing angle θR = 0.01, and a dark-matter lifetime of 10
23 s.
Complementarity with IceCube Detection
As it was recently pointed out by the ANITA collabora-
tion in the case of the SM neutrino, although IceCube has
a significantly smaller effective area compared to ANITA,
the fact that it has been running for now almost ten years
renders its exposure comparable to ANITA, if not larger
for incoming neutrinos of energy . 100 EeV. In our case,
we saw that neutrinos of energies as large as & 10 EeV
could be used to interpret the ANITA anomalous events
as being the decay products of a heavy dark-matter par-
ticle in the galaxy. It is therefore necessary to understand
whether the IceCube collaboration has any reason for not
observing events in a similar proportion than ANITA or
to exhibit what would be the exact signature of such a
decay for IceCube.
Although the IceCube collaboration did not report any
event at such high energies, we have seen that τ ’s can be
produced in the Earth and loose a significant amount
of energy while crossing the Earth, which could poten-
tially be detected by IceCube, as long as it would decay
within the detector. However, at first approximation,
one can notice that a ∼ 20 PeV τ has a mean free path
of ∼ 1 kilometer. Above this energy, a τ behaves (for
a km3 detector like IceCube) as a mere track which is
difficult to distinguish from a muon track. In order to
estimate the effect of such a decay, we used our very
same propagation code to evaluate the amount of events
which should have been seen by IceCube over its longest
exposure time (∼ 3142.5 days). For this purpose, we per-
formed a Monte-Carlo simulation, demanding that any τ
produced in the Earth decay within a fiducial volume of
∼ 1 km3 located at the South pole and be eventually
detected by IceCube. Our results for IceCube are com-
pared to the ANITA effective area shown in Fig. 7 for
an incoming RHN of energy 10 EeV corresponding to a
dark-matter particle of mass mDM = 20 EeV.
As a matter of fact, one can see that IceCube is
more sensitive to large emergence angles than ANITA is.
Namely, emergence angles larger than ∼ 20◦ are more
probable to be detected by IceCube for our choice of
benchmark parameters. Such competition was already
pointed out in Ref. [18]. However, we would like to draw
the attention of the reader on the fact that such con-
sideration concerns an effective area which is integrated
over all the exit-energy range. Since we have seen that
the specificity of the τ trajectory through the Earth can
strongly influence its exit energy, it is of interest to com-
pare the probabilities of detection for both ANITA and
IceCube exit energy per exit energy. The results of such
an analysis is represented in Fig. 7 (right panel) and
Fig. 8 where the differential number of event per emer-
gence angle (integrated over energies in Fig. 7) are com-
pared for different values of the exit energy between Ice-
Cube and ANITA. Integrating over the emergence angles
provides a total number of events predicted for IceCube
after 3142.5 days of 3.6 for θR = 0.01 and a dark-matter
lifetime τDM = 10
23 s. Using the same method than for
deriving Eq. (15), we extracted an interpolation of the
expected number of events for IceCube:
N IceCubetot ' 3.65
(
θR
0.01
)2(
1023s
τDM
)(
Texp
3142.5 days
)(
20 EeV
mDM
)0.70
[ θR . 0.025 ; mDM > 2 EeV ] , (16)
12
which is very similar to what ANITA should have seen
until now according to Eq. (15).
Interestingly, it is clear from Fig. 8 that for relatively
low energies . 0.1 EeV, IceCube is more sensitive than
ANITA, including at low emergence angles. This is ex-
pected since τ ’s exiting the Earth with relatively low en-
ergy decay close to the surface into an EAS due to their
short lifetime. Therefore most of them will decay within
the atmosphere and potentially be detected by ANITA.
However for such neutrinos to exit the Earth with a low
energy, they need to propagate on a sufficiently long dis-
tance, so the smaller the emergence angle and the lower
the number of events can be detected by ANITA at such
energy. Nonetheless, the fiducial volume of IceCube be-
ing significantly smaller than the volume of the atmo-
sphere under ANITA, the lower the neutrino energies are,
the more the neutrinos can decay inside the detector, and
the larger the rate of events is at low energy. This effect
of course saturates once τ ’s decay with a probability ∼ 1
inside the detector in the same way this effects saturates
for ANITA, but this happens at smaller energies. To put
it in a nutshell, EAS produced by τ -leptons exiting the
Earth with emergence angles . 40◦ are more likely to be
detected by ANITA for energies & 0.5 EeV, whereas Ice-
Cube will become more sensitive than ANITA for EAS of
lower energies at similar angles. Given the energy of the
anomalous events which have been observed by ANITA
— around O(0.5 − 1)EeV — it is therefore understand-
able that such detection has been made by ANITA rather
than IceCube.
Interestingly, it was noted in Ref. [25] that the anoma-
lous events detected by ANITA could help understand-
ing the IceCube data samples in a better way. According
to the authors of Ref. [25], the presence of a sub-EeV
neutrino flux could help interpreting the tension between
the astrophysical flux required to explain the Northern-
versus Southern-hemisphere data samples. In particular
they noted that the event IceCube-140611 could possibly
be interpreted as coming from an upward-propagating
τ , with emergence ∼ 11◦ and energy ∼ 0.07 EeV as was
pointed out in Ref. [59]. Moreover the authors of Ref. [25]
re-analysed the IceCube proxy > 200 TeV northern-track
sample and could identify two interesting events which
could originate from highly-energy up-going neutrinos:
IceCube-140109, of energy 0.013 EeV (emergence angle
∼ 32◦) and IceCube-121205 of energy 0.012 EeV (emer-
gence angle ∼ 28◦). If confirmed, such detection from
IceCube, in a range of energy O(0.01 − 0.1) EeV and
relatively large emergence angle would match with the
complementary prediction that we just pointed out.
Another important feature of our construction is that
since the RHN mixes with the SM active states, for a
given dark-matter decay width ΓDM we expect a sub-
dominant contribution to the dark-matter decay width
into SM neutrinos ΓDM→NRν = θ
2
RΓDM. Therefore we
expect a SM neutrino spectral line to reach the sur-
face of the earth with an energy Eν = mDM/2. The
IceCube collaboration derived bounds on the DM life-
time based on the expected neutrino signal which has
not been detected yet [60]. As discussed earlier, from
Eq. (15) which is based on our simulation, the total num-
ber of events scales as Ntot ∝ τ−1DMθ2R = τ−1DM→NRν where
τ−1DM→NRν = ΓDM→NRν is the parameter constrained
by the IceCube collaboration. In our case, in order to
achieve a number of events of the order of unity N ∼ 1
this parameter has to be of the order of ∼ 1027 s which
is of the order of the limit derived in [60] even though
bounds for masses mDM > 0.5 EeV are not presented.
Therefore, as a complementary feature of our construc-
tion, we expected such a neutrino line reaching the Earth
to be probed in the following years by the IceCube col-
laboration.
VI. EXTREMELY-HEAVY DARK MATTER
So far we have been focusing on the case of a RHN
of incoming energy ENR = 10 EeV corresponding to a
dark-matter mass mDM = 20 EeV. In the case of a mix-
ing angle θR = 0.01 we have seen that a dark-matter
lifetime τDM = 10
23s was appropriate in order to explain
why ANITA has seen two anomalous events in 85 days,
and possibly why IceCube might have detected a simi-
lar number of up-going events at lower energies given its
present exposure time. However, the choice of the dark-
matter mass (and therefore the RHN incoming energy)
was somehow arbitrarily chosen and nothing prevents us,
in principle, to consider the case of an even heavier dark-
matter particle.
Moreover, we saw earlier that the cosmological con-
straints coming, including the study of BBN and CMB
measurements severely restrict our RHN neutrino to have
a mass either smaller then . 50 eV or larger than 50
MeV. In the second case, requiring that our RHN can
propagate further than ∼ 50 kpc imposes that our dark-
matter candidate has a mass larger than
mDM & 2× 103 EeV . (17)
We consider here such possibility for completeness and
explore to which point it could also provide a possi-
ble interpretation to the anomalous events observed by
ANITA.
Using the same propagation code we derived the exit
probability per emergence angle and obtain the effective
area for both the IceCube and ANITA detectors, as de-
picted in the left panel of Fig. 9. As a matter of fact, the
larger the energy of the incoming RHN and the stronger
the deep-inelastic scattering interaction is, rendering the
Earth less transparent. Therefore we consider the case of
a mixing angle θR = 0.01 and note that the distribution
shape is relatively unchanged, as compared to the case
of a lighter dark-matter particle studied above.
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FIG. 10. Differential number of events for given exit energies Eexit predicted for IceCube (Texp = 2431 days) compared to the
one of ANITA (Texp = 85.5 days) as a function of the emergence angle, and for an incoming RHN of energy 2.5× 104 EeV, a
mixing angle θR = 0.01 and a dark-matter lifetime of 10
21 s.
In Fig. 9 we show the effective area of the detector and
the total expected number of events per emergence angle
after 85.5 days of operating flight by ANITA in the case
of a very heavy dark-matter particle of mass mDM = 5×
104 EeV and lifetime 1021 s. On this figure one can notice
again that the events with a very large energy are less
probable as compared to ∼ EeV scale events rendering
the signature of such a heavy dark-matter particle decay
very similar to what we have presented in the previous
section. For a lifetime of τDM = 10
21 s and a mixing
angle θR = 0.01 we find a total number of events
Ntot ' 1.2 events (ANITA) (18)
for an exposure of 85.5 days. This formula is perfectly
in agreement with the expected number for our inter-
polation Eq. (15). It is important to notice that from
q. (15), for extremely-heavy dark-matter masses, we
typically need a smaller dark-matter lifetime to compen-
sate the mass suppression of the generated RHN flux of
Eq. (3) as compared to the mDM case.
Similarly to the previous section, a complementary Ice-
Cube signal is expected in the extremely-heavy dark mat-
ter case. In Fig. 9 and Fig. 10 we show our results for the
effective area and expected number of events for the Ice-
Cube collaboration after 3142.5 days of data acquisition.
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The total number of events expected is
Ntot ' 1.4 events (IceCube) (19)
therefore predicting the same agreement between the
number of events observed by ANITA and IceCube than
in the case of a ∼10 EeV dark-matter particle.
Moreover, it was shown in [61] that SM neutrino pro-
duction from DM decay associated to on-shell produc-
tion of electroweak gauge bosons is comparable to the
production of SM neutrinos only case16. Based on this
argument, the dark-matter decay is expected to be as-
sociated with the production of gauge bosons therefore
inducing so-called Electro-Weak Lepton-Boson (EWLB)
cascades at lower energies. Such cascades would induce
a continuous spectrum of SM charged particles and high
energy neutrinos that could be observable by IceCube.
Such an idea was used by the authors of [62] to derive
bounds on super-heavy dark-matter partial decay width
to neutrinos which excludes values of τDM→NRν higher
than ∼ 1027 s for mDM ∼ 104 EeV. As stressed out
before, in this case, we expect the DM decay lifetime
to be typically smaller than in the mDM ∼ 1 EeV case
in order to account for an ANITA expected number of
events N ∼ 1. Therefore, even though physics at the
104 EeV scale still remains quite speculative up to this
day, we expect the extremely-heavy dark matter ANITA
interpretation to be in conflict with the IceCube bound
from [62] by 1-2 orders of magnitude. Note however that
the presence of new physics, such as the mixing with ad-
ditional non-SM states which are sufficiently long-lived,
might alter significantly the discussion presented in [62].
Such study is out of the scope of this paper, therefore we
leave such investigations for future work.
CONCLUSION
In this paper we have studied the possibility that the
two anomalous events observed by ANITA can be in-
terpreted as an indirect signal of the presence of dark-
matter particles in the galaxy. We have considered
the simple case of a heavy dark-matter candidate de-
caying in the Milky-Way halo into a pair of right-
handed neutrinos, mixed with the Standard Model ac-
tive neutrinos. We have shown that for such a right-
handed neutrino to propagate on sufficiently large dis-
tances through the galaxy while satisfying constraints
from BBN, and mixing with neutrinos with a mixing
angle smaller than 1, the right-handed neutrino could
in principle lie in two different mass ranges, namely of
O(1 − 10) eV (O(0.01 − 1) GeV) and boosted with en-
ergies as large as 10 EeV (104 EeV). Interestingly, the
viable right-handed-neutrino mass range points towards
regions where such a state might be used for success-
ful low-scale leptogenesis, to alleviate tensions between
cosmological observations or to address discrepancies in
neutrino short-baseline experiments.
We have adapted the Monte-Carlo simulation code pro-
vided with Ref. [58] in order to simulate accurately the
neutrino production, propagation and conversion into τ -
leptons through the Earth. We could analyze in details
the probability for a τ -lepton of arbitrary energy Eexit
to exit the Earth, after being generated by a incoming
right-handed neutrino of energy EN = mDM/2 with a
specific direction crossing the Earth and converting into
Standard Model states.
We showed that for a dark-matter particle of mass
20 EeV and 5× 104 EeV, and of respective lifetimes
θ2R × 1027 s and θ2R × 1025 s, decaying into a pair of
RHN mixing with SM neutrinos with mixing angle θR,
the ANITA collaboration should have reported ∼ O(1)
events after 85 days of operating flight in the energy range
O(0.5− 1) EeV.
We have also studied the possibility of a detection by
the IceCube experiment, which, due to its very large ex-
posure time, is competitive with ANITA to detect such
ultra-high energy neutrino cosmic rays, as was already
noticed in Ref. [18, 20]. We used the very same propa-
gation code in order to simulate such detection and we
derived the following interpolation formulas for the ex-
pected number of events based on our simulation:
NANITAtot ' 3.03
(
θR
0.01
)2(
1023s
τDM
)(
Texp
85.5 days
)(
20 EeV
mDM
)0.67
[ θR . 0.025 ; mDM > 2 EeV ] ,
N IceCubetot ' 3.65
(
θR
0.01
)2(
1023s
τDM
)(
Texp
3142.5 days
)(
20 EeV
mDM
)0.70
[ θR . 0.025 ; mDM > 2 EeV ] .
We confirmed that both experiments should expect
detecting a very similar number of events given their
16 The main argument is that a strong enhancement from large logarithms would compensate the smallness of the extra gauge
15
present exposure. Moreover we analysed the spectrum
of events which should have been detected by IceCube
and we found out that events of energies around O(0.5−
1) EeV are more likely to be seen by ANITA at emergence
angles O(0◦−35◦) while IceCube would start being com-
petitive with ANITA below 30◦ only for event energies
as small as . 0.1 EeV. Interestingly such conclusion is
in very good agreement with the proposal of Ref. [59]
which showed that the IceCube collaboration might have
already detected three events of this kind in their data
samples without reporting it.
As a refreshing feature of the case of extremely heavy
dark-matter, we would like to emphasize that the region
of the parameter space where our RHN neutrino is as
heavy as 0.1 GeV favours models with a dark-matter
mass around & 5 × 1013 GeV in order to (i) escape the
cosmological bounds on RHN, (ii) be able to interpret
the ANITA events and (iii) ensure that our dark-matter
candidate is stable on cosmological time scales. One
should note that such a large mass value is surprisingly
matching with the mass scale required for the inflaton
particle in most of the large-field scenarios of cosmic
inflation. The possibility that the inflaton particle itself
constitutes the main matter component of our universe
is something which gained interest in the last decade
[63–69] and which could potentially arise if, for some
reason, the inflaton is not able to decay anymore after
it reheats significantly the universe. If a dark-matter
particle is proven in the next years to be detected
through its decay products by ANITA and IceCube at
such high energies, the connection between inflationary
physics and dark-matter phenomenology would therefore
turn out to be among the most challenging topics of
phenomenological studies in the future.
Finally, more data are to be accumulated by ANITA
which already realized its fourth flight and should reveal
their most recent results in a few months, which might
bring more insights about the morphology of the signal
and in particular the statistically favoured emergence
angle necessary to interpret accurately the signal.
Acknowledgements. The authors would like to thank
Peter Gorham and Andrew Romero-Wolf for their useful
comments about the ANITA experiment and its detec-
tion efficiency as well as K.A. Olive, Fei Huang and Doo-
jin Kim for fruitful discussions. MP would like to thank
Enrique Ferna´ndez-Martinez, Jacobo Lo´pez-Pavo´n, Olga
Mena, Stefano Gariazzo and Vivian Poulin for fruitful
conversations. The research activities of LH are sup-
ported by the Department of Energy under Grant DE-
FG02-13ER41976/DE-SC0009913 and by the CNRS. YM
coupling involved in the diagram with an extra gauge boson in
the final state.
is supported by the France-US PICS MicroDark and ac-
knowledges partial support from the European Union
Horizon 2020 research and innovation programme under
the Marie Sklodowska-Curie: RISE InvisiblesPlus (grant
agreement No 690575) and the ITN Elusives (grant agree-
ment No 674896). The work of MP was supported by
the Spanish Agencia Estatal de Investigacio´n through the
grants FPA2015-65929-P (MINECO/FEDER, UE), IFT
Centro de Excelencia Severo Ochoa SEV-2016-0597, and
Red Consolider MultiDark FPA2017-90566-REDC. LH
would like to thank the CPHT of E´cole Polytechnique
for its hospitality during part of the realization of this
work.
∗ heurtier@email.arizona.edu
† yann.mambrini@th.u-psud.fr
‡ mathias.pierre@uam.es
[1] P. A. R. Ade et al. [Planck Collaboration], Astron.
Astrophys. 594, A13 (2016) [arXiv:1502.01589 [astro-
ph.CO]]; N. Aghanim et al. [Planck Collaboration],
arXiv:1807.06209 [astro-ph.CO].
[2] D. S. Akerib et al. [LUX Collaboration], Phys. Rev.
Lett. 118 (2017) no.2, 021303 [arXiv:1608.07648 [astro-
ph.CO]].
[3] E. Aprile et al. [XENON Collaboration], Phys. Rev. Lett.
119, no. 18, 181301 (2017) [arXiv:1705.06655 [astro-
ph.CO]].
[4] X. Cui et al. [PandaX-II Collaboration], Phys. Rev.
Lett. 119 (2017) no.18, 181302 [arXiv:1708.06917 [astro-
ph.CO]].
[5] V. Silveira and A. Zee, Phys. Lett. B 161, 136 (1985);
J. McDonald, Phys. Rev. D 50, 3637 (1994) [hep-
ph/0702143]; C. P. Burgess, M. Pospelov and T. ter Veld-
huis, Nucl. Phys. B 619, 709 (2001) [hep-ph/0011335];
H. Davoudiasl, R. Kitano, T. Li and H. Murayama,
Phys. Lett. B 609, 117 (2005) [hep-ph/0405097]; H. Han
and S. Zheng, JHEP 1512, 044 (2015) [arXiv:1509.01765
[hep-ph]].
[6] J. A. Casas, D. G. Cerden˜o, J. M. Moreno and J. Quilis,
JHEP 1705 (2017) 036 [arXiv:1701.08134 [hep-ph]].
A. Djouadi, O. Lebedev, Y. Mambrini and J. Quevillon,
Phys. Lett. B 709 (2012) 65 [arXiv:1112.3299 [hep-ph]];
A. Djouadi, A. Falkowski, Y. Mambrini and J. Quevillon,
Eur. Phys. J. C 73 (2013) no.6, 2455 [arXiv:1205.3169
[hep-ph]]; O. Lebedev, H. M. Lee and Y. Mambrini,
Phys. Lett. B 707 (2012) 570 [arXiv:1111.4482 [hep-
ph]]; Y. Mambrini, Phys. Rev. D 84 (2011) 115017
[arXiv:1108.0671 [hep-ph]].
[7] J. Ellis, A. Fowlie, L. Marzola and M. Raidal,
arXiv:1711.09912 [hep-ph]. G. Arcadi, Y. Mambrini and
F. Richard, JCAP 1503 (2015) 018 [arXiv:1411.2985
[hep-ph]]; J. Kearney, N. Orlofsky and A. Pierce,
arXiv:1611.05048 [hep-ph]; M. Escudero, A. Berlin,
D. Hooper and M. X. Lin, JCAP 1612 (2016) 029
[arXiv:1609.09079 [hep-ph]].
[8] A. Alves, S. Profumo and F. S. Queiroz, JHEP
1404 (2014) 063 [arXiv:1312.5281 [hep-ph]]. O. Lebe-
dev and Y. Mambrini, Phys. Lett. B 734 (2014)
350 [arXiv:1403.4837 [hep-ph]]; G. Arcadi, Y. Mam-
16
brini, M. H. G. Tytgat and B. Zaldivar, JHEP
1403 (2014) 134 [arXiv:1401.0221 [hep-ph]]; O. Lebe-
dev and Y. Mambrini, Phys. Lett. B 734 (2014)
350 doi:10.1016/j.physletb.2014.05.025 [arXiv:1403.4837
[hep-ph]].
[9] G. Arcadi, M. Dutra, P. Ghosh, M. Lindner, Y. Mam-
brini, M. Pierre, S. Profumo and F. S. Queiroz, Eur.
Phys. J. C 78 (2018) no.3, 203 doi:10.1140/epjc/s10052-
018-5662-y [arXiv:1703.07364 [hep-ph]].
[10] M. A. G. Garcia, Y. Mambrini, K. A. Olive and
M. Peloso, Phys. Rev. D 96 (2017) no.10, 103510
[arXiv:1709.01549 [hep-ph]]; M. A. G. Garcia and
M. A. Amin, Phys. Rev. D 98, no. 10, 103504 (2018)
[arXiv:1806.01865 [hep-ph]].
[11] L. J. Hall, K. Jedamzik, J. March-Russell and S. M. West,
JHEP 1003 (2010) 080 [arXiv:0911.1120 [hep-ph]];
X. Chu, T. Hambye and M. H. G. Tytgat, JCAP 1205
(2012) 034 [arXiv:1112.0493 [hep-ph]]; X. Chu, Y. Mam-
brini, J. Quevillon and B. Zaldivar, JCAP 1401 (2014)
034 [arXiv:1306.4677 [hep-ph]].
[12] N. Bernal, M. Heikinheimo, T. Tenkanen, K. Tuominen
and V. Vaskonen, Int. J. Mod. Phys. A 32 (2017) no.27,
1730023 [arXiv:1706.07442 [hep-ph]].
[13] G. Bhattacharyya, M. Dutra, Y. Mambrini and
M. Pierre, Phys. Rev. D 98 (2018) no.3, 035038
[arXiv:1806.00016 [hep-ph]];
N. Bernal, M. Dutra, Y. Mambrini, K. Olive, M. Peloso
and M. Pierre, Phys. Rev. D 97 (2018) no.11, 115020
[arXiv:1803.01866 [hep-ph]]; D. Chowdhury, E. Du-
das, M. Dutra and Y. Mambrini, arXiv:1811.01947
[hep-ph]; K. Kaneta, Y. Mambrini and K. A. Olive,
arXiv:1901.04449 [hep-ph].
[14] K. Benakli, Y. Chen, E. Dudas and Y. Mam-
brini, Phys. Rev. D 95, no. 9, 095002 (2017)
doi:10.1103/PhysRevD.95.095002 [arXiv:1701.06574
[hep-ph]];
E. Dudas, Y. Mambrini and K. Olive, Phys. Rev. Lett.
119 (2017) no.5, 051801 [arXiv:1704.03008 [hep-ph]];
E. Dudas, T. Gherghetta, Y. Mambrini and K. A. Olive,
Phys. Rev. D 96 (2017) no.11, 115032 [arXiv:1710.07341
[hep-ph]];
E. Dudas, T. Gherghetta, K. Kaneta, Y. Mambrini and
K. A. Olive, Phys. Rev. D 98, no. 1, 015030 (2018)
[arXiv:1805.07342 [hep-ph]].
[15] P. W. Gorham et al. [ANITA Collaboration],
Phys. Rev. Lett. 117 (2016) no.7, 071101
doi:10.1103/PhysRevLett.117.071101 [arXiv:1603.05218
[astro-ph.HE]].
[16] P. W. Gorham et al. [ANITA Collaboration],
Phys. Rev. Lett. 121 (2018) no.16, 161102
doi:10.1103/PhysRevLett.121.161102 [arXiv:1803.05088
[astro-ph.HE]].
[17] P. W. Gorham et al., arXiv:1902.04005 [astro-ph.HE].
[18] J. F. Cherry and I. M. Shoemaker, arXiv:1802.01611
[hep-ph].
[19] T. M. Nieuwenhuizen, arXiv:1810.04613 [physics.gen-ph].
[20] G. y. Huang, Phys. Rev. D 98, no. 4, 043019 (2018)
doi:10.1103/PhysRevD.98.043019 [arXiv:1804.05362
[hep-ph]].
[21] W. Yin, “Highly-boosted dark matter and cutoff
for cosmic-ray neutrino through neutrino portal,”
arXiv:1809.08610 [hep-ph].
[22] L. A. Anchordoqui, V. Barger, J. G. Learned, D. Mar-
fatia and T. J. Weiler, LHEP 1 (2018) no.1, 13
doi:10.31526/LHEP.1.2018.03 [arXiv:1803.11554 [hep-
ph]].
[23] L. A. Anchordoqui and I. Antoniadis, arXiv:1812.01520
[hep-ph].
[24] B. Chauhan and S. Mohanty, arXiv:1812.00919 [hep-ph].
[25] D. B. Fox, S. Sigurdsson, S. Shandera, P. Me´sza´ros,
K. Murase, M. Mostafa´ and S. Coutu, [arXiv:1809.09615
[astro-ph.HE]].
[26] J. H. Collins, P. S. Bhupal Dev and Y. Sui,
arXiv:1810.08479 [hep-ph].
[27] S. Hoover et al. [ANITA Collaboration], Phys. Rev. Lett.
105 (2010) 151101 doi:10.1103/PhysRevLett.105.151101
[arXiv:1005.0035 [astro-ph.HE]].
[28] A. Romero-Wolf et al., arXiv:1811.07261 [astro-ph.HE].
[29] E. Dudas, Y. Mambrini and K. A. Olive, Phys. Rev.
D 91 (2015) 075001 doi:10.1103/PhysRevD.91.075001
[arXiv:1412.3459 [hep-ph]].
[30] M. Drewes, Int. J. Mod. Phys. E 22 (2013) 1330019
doi:10.1142/S0218301313300191 [arXiv:1303.6912 [hep-
ph]]; A. de Gouvea, Phys. Rev. D 72 (2005) 033005
doi:10.1103/PhysRevD.72.033005 [hep-ph/0501039].
[31] S. Bridle, J. Elvin-Poole, J. Evans, S. Fernandez,
P. Guzowski and S. Soldner-Rembold, Phys. Lett.
B 764 (2017) 322 doi:10.1016/j.physletb.2016.11.050
[arXiv:1607.00032 [astro-ph.CO]].
[32] J. F. Navarro, C. S. Frenk and S. D. M. White, As-
trophys. J. 462 (1996) 563 doi:10.1086/177173 [astro-
ph/9508025].
[33] R. Catena and P. Ullio, JCAP 1008 (2010) 004
doi:10.1088/1475-7516/2010/08/004 [arXiv:0907.0018
[astro-ph.CO]].
[34] D. Gorbunov and M. Shaposhnikov, JHEP 0710
(2007) 015 Erratum: [JHEP 1311 (2013) 101]
doi:10.1007/JHEP11(2013)101, 10.1088/1126-
6708/2007/10/015 [arXiv:0705.1729 [hep-ph]].
[35] O. Ruchayskiy and A. Ivashko, JCAP 1210 (2012) 014
doi:10.1088/1475-7516/2012/10/014 [arXiv:1202.2841
[hep-ph]].
[36] A. C. Vincent, E. F. Martinez, P. Herna´ndez, M. Lat-
tanzi and O. Mena, JCAP 1504 (2015) no.04, 006
doi:10.1088/1475-7516/2015/04/006 [arXiv:1408.1956
[astro-ph.CO]].
[37] S. Dodelson and L. M. Widrow, Phys. Rev. Lett.
72 (1994) 17 doi:10.1103/PhysRevLett.72.17 [hep-
ph/9303287].
[38] A. Abada, G. Arcadi, V. Domcke, M. Drewes, J. Klaric
and M. Lucente, arXiv:1810.12463 [hep-ph].
[39] F. Bergsma et al. [CHARM Collaboration], Phys. Lett.
166B (1986) 473. doi:10.1016/0370-2693(86)91601-1
[40] P. Abreu et al. [DELPHI Collaboration], Z. Phys. C
74 (1997) 57 Erratum: [Z. Phys. C 75 (1997) 580].
doi:10.1007/s002880050370
[41] P. Coloma, P. A. N. Machado, I. Martinez-Soler
and I. M. Shoemaker, Phys. Rev. Lett. 119 (2017)
no.20, 201804 doi:10.1103/PhysRevLett.119.201804
[arXiv:1707.08573 [hep-ph]].
[42] M. Drewes, J. Hajer, J. Klaric and G. Lanfranchi,
JHEP 1807 (2018) 105 doi:10.1007/JHEP07(2018)105
[arXiv:1801.04207 [hep-ph]].
[43] K. Abe et al. [Super-Kamiokande Collab-
oration], Phys. Rev. D 91 (2015) 052019
doi:10.1103/PhysRevD.91.052019 [arXiv:1410.2008
[hep-ex]].
[44] S. Gariazzo, C. Giunti, M. Laveder, Y. F. Li
17
and E. M. Zavanin, J. Phys. G 43 (2016) 033001
doi:10.1088/0954-3899/43/3/033001 [arXiv:1507.08204
[hep-ph]].
[45] M. A. Acero and J. Lesgourgues, Phys. Rev.
D 79 (2009) 045026 doi:10.1103/PhysRevD.79.045026
[arXiv:0812.2249 [astro-ph]].
[46] A. M. Knee, D. Contreras and D. Scott, arXiv:1812.02102
[astro-ph.CO].
[47] J. Baur, N. Palanque-Delabrouille, C. Yeche, A. Bo-
yarsky, O. Ruchayskiy, E´. Armengaud and J. Lesgour-
gues, JCAP 1712 (2017) no.12, 013 doi:10.1088/1475-
7516/2017/12/013 [arXiv:1706.03118 [astro-ph.CO]].
[48] J. L. Bernal, L. Verde and A. G. Riess, JCAP 1610
(2016) no.10, 019 doi:10.1088/1475-7516/2016/10/019
[arXiv:1607.05617 [astro-ph.CO]].
[49] A. G. Riess et al., Astrophys. J. 826 (2016) no.1,
56 doi:10.3847/0004-637X/826/1/56 [arXiv:1604.01424
[astro-ph.CO]].
[50] A. G. Riess et al., Astrophys. J. 861 (2018) no.2, 126
doi:10.3847/1538-4357/aac82e [arXiv:1804.10655 [astro-
ph.CO]].
[51] N. Aghanim et al. [Planck Collaboration],
arXiv:1807.06209 [astro-ph.CO].
[52] S. Weinberg, Phys. Rev. Lett. 110 (2013) no.24, 241301
doi:10.1103/PhysRevLett.110.241301 [arXiv:1305.1971
[astro-ph.CO]]; F. D’Eramo, R. Z. Ferreira, A. No-
tari and J. L. Bernal, JCAP 1811 (2018) no.11, 014
doi:10.1088/1475-7516/2018/11/014 [arXiv:1808.07430
[hep-ph]]; M. Escudero, D. Hooper, G. Krnjaic and
M. Pierre, arXiv:1901.02010 [hep-ph]; C. Dessert,
C. Kilic, C. Trendafilova and Y. Tsai, arXiv:1811.05534
[hep-ph]; V. Poulin, T. L. Smith, T. Karwal and
M. Kamionkowski, arXiv:1811.04083 [astro-ph.CO];
V. Poulin, T. L. Smith, D. Grin, T. Karwal and
M. Kamionkowski, Phys. Rev. D 98 (2018) no.8, 083525
doi:10.1103/PhysRevD.98.083525 [arXiv:1806.10608
[astro-ph.CO]].
[53] T. M. C. Abbott et al. [DES Collaboration], Phys. Rev. D
98 (2018) no.4, 043526 doi:10.1103/PhysRevD.98.043526
[arXiv:1708.01530 [astro-ph.CO]]; F. Ko¨hlinger et al.,
Mon. Not. Roy. Astron. Soc. 471 (2017) no.4, 4412
doi:10.1093/mnras/stx1820 [arXiv:1706.02892 [astro-
ph.CO]]; H. Hildebrandt et al., Mon. Not. Roy. Astron.
Soc. 465 (2017) 1454 doi:10.1093/mnras/stw2805
[arXiv:1606.05338 [astro-ph.CO]]; C. Heymans et
al., Mon. Not. Roy. Astron. Soc. 432 (2013) 2433
doi:10.1093/mnras/stt601 [arXiv:1303.1808 [astro-
ph.CO]].
[54] T. Delubac et al. [BOSS Collaboration], Astron. Astro-
phys. 574 (2015) A59 doi:10.1051/0004-6361/201423969
[arXiv:1404.1801 [astro-ph.CO]].
[55] V. Poulin, K. K. Boddy, S. Bird and M. Kamionkowski,
Phys. Rev. D 97 (2018) no.12, 123504
doi:10.1103/PhysRevD.97.123504 [arXiv:1803.02474
[astro-ph.CO]].
[56] G. H. Collin, C. A. Argu¨elles, J. M. Conrad and
M. H. Shaevitz, Nucl. Phys. B 908 (2016) 354
doi:10.1016/j.nuclphysb.2016.02.024 [arXiv:1602.00671
[hep-ph]].
[57] M. Blennow, E. Fernandez-Martinez, J. Gehrlein,
J. Hernandez-Garcia and J. Salvado, Eur. Phys. J. C
78 (2018) no.10, 807 doi:10.1140/epjc/s10052-018-6282-2
[arXiv:1803.02362 [hep-ph]].
[58] J. Alvarez-Mun˜iz, W. R. Carvalho, K. Payet, A. Romero-
Wolf, H. Schoorlemmer and E. Zas, Phys. Rev. D
97 (2018) no.2, 023021 doi:10.1103/PhysRevD.97.023021
[arXiv:1707.00334 [astro-ph.HE]].
[59] M. D. Kistler and R. Laha, Phys. Rev. Lett. 120, no.
24, 241105 (2018) doi:10.1103/PhysRevLett.120.241105
[arXiv:1605.08781 [astro-ph.HE]].
[60] M. G. Aartsen et al. [IceCube Collaboration], Eur. Phys.
J. C 78 (2018) no.10, 831 doi:10.1140/epjc/s10052-018-
6273-3 [arXiv:1804.03848 [astro-ph.HE]].
[61] V. Berezinsky, M. Kachelriess and S. Ostapchenko,
Phys. Rev. Lett. 89 (2002) 171802
doi:10.1103/PhysRevLett.89.171802 [hep-ph/0205218].
[62] M. Kachelriess, O. E. Kalashev and M. Y. Kuznetsov,
Phys. Rev. D 98 (2018) no.8, 083016
doi:10.1103/PhysRevD.98.083016 [arXiv:1805.04500
[astro-ph.HE]].
[63] D. Hooper, G. Krnjaic, A. J. Long and S. D. Mcdermott,
arXiv:1807.03308 [hep-ph].
[64] J. P. B. Almeida, N. Bernal, J. Rubio and T. Tenkanen,
arXiv:1811.09640 [hep-ph].
[65] J. G. Rosa and L. B. Ventura, arXiv:1811.05493 [hep-ph].
[66] J. E. Lidsey, T. Matos and L. A. Urena-Lopez, Phys. Rev.
D 66, 023514 (2002) doi:10.1103/PhysRevD.66.023514
[astro-ph/0111292].
[67] S. Barshay and G. Kreyerhoff, Nuovo Cim. A 112, 1463
(1999) [astro-ph/9806237].
[68] S. Barshay and G. Kreyerhoff, Eur. Phys. J.
C 5, 369 (1998) doi:10.1007/s100520050282,
10.1007/s100529800842 [hep-ph/9712316].
[69] D. Borah, P. S. B. Dev and A. Kumar, arXiv:1810.03645
[hep-ph].
